A biologically active quinone that exhibits a growth-inhibitory effect on rat liver cancer cells was isolated from the nest of a social wasp, Vespa simillima (Vespinae, Vespidae). The structure was unambiguously determined by NMR and synthetic experiments and identified as being 7,8-seco-para-ferruginone. The synthetic quinone showed potent growth-inhibitory effects on rat hepatoma cells (IC 50 value‫9.1؍‬ m mM). Morphological analyses of dRLh84 cells using the synthetic compound were tested. Chromatin coagulation was induced by the synthetic compound at 31.6 m mM.
the amino acid mixture in hornet larval saliva, 6) nest materials, honey, and larvae of social wasps have been widely utilized as traditional folk medicines 7, 8) in sole and crude forms. Exploration of the biologically active molecules in these products is of interest to clarify their modes of pharmacological action at the molecular structure level. In this study, we focus on the nest of a social wasp, the yellow hornet (Vespa simillima, Vespinae, Vespidae) widely distributed in Japan. Nests of vespid social wasps (Polistes olivaceous, Polistes japonicus saussure, Parapolybiavaria fabricius, Vespa mandarinia, etc.) are a traditional medicine in China, Korea, and Japan [vespae nidus (Lu Feng Fang in Chinese)]. 7, 8) It has been reported that crude extracts of vespae nidus exhibit a variety of pharmacological activities, e.g., antimicrobial, anti-inflammatory, antivirus, antitumor, and anesthetic properties. [9] [10] [11] [12] [13] However, few reports on the isolation and structure determination of biologically active molecules in these crude extracts have been documented. The pharmacologically active molecules of the nest chiefly originate in the plant sources that the social wasps preferentially collect as nest materials. It is conceivable that the wasps utilize the chemical components of the nest material to protect their eggs and larvae from pathogenic organisms. In this report, we describe our efforts toward exploration of biologically active molecules in the nest of V. simillima, in which bioassayguided screening indicated growth-inhibitory effects on rat liver cancer cells (dRLh-84).
MATERIALS AND METHODS
Cell Growth Suppression Activity Assay Rat hepatoma cells (dRLh84) were employed for the assay. As the culture medium, Dulbecco's modification of Eagle's medium (DMEM, Nissui Pharmaceutical Co., Ltd.) containing 10% newborn bovine serum (NBS), 4 mM glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin and 100 mg/ml kanamycin was used. The cells were cultured in the presence of 5% CO 2 at 37°C under humidified conditions. The growth suppression activity was assessed by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.
14) The cells were suspended in a 2.5% trypsin solution and diluted with the culture medium to bring the cell concentration to 6ϫ10 4 cells/ml. The diluted cell suspension was dispensed into each well of a 96-well microplate at a volume of 200 ml. After incubating the plate for 24 h, 1 ml of the extract sample, whose concentration was adjusted to an appropriate assay concentration, was added to each well. The plate was incubated for another 48 h. The medium was then replaced with 100 ml of fresh medium containing 0.55 mg/ml of MTT and incubated for 4 h. After 4 h, the medium containing MTT was removed, and dimethyl sulfoxide (DMSO) was added to each well at 200 ml to dissolve the formazan. The absorbencies of each well at 590 nm and 620 nm were measured using a microplate reader (Immuno-Mini NJ-2300, Nippon InterMed KK) to assay for the growth suppression activity of the extracts.
Morphological Analysis of dRLh84 The morphology of the rat hepatoma cells was observed under an inverted microscope (MFA 20100, Nikon Corp.) 24 and 48 h after the addition of the extract samples to the cells. Then cells were detached with trypsin 24 h after the addition of the extract sample and transferred to a 50 ml conical tube along with the culture medium. The cell suspension was centrifuged for 10 min at 200ϫg, and the supernatant was removed. The cells were resuspended in PBS(Ϫ), centrifuged again, and the supernatant removed. Additionally, 1% glutaraldehyde solution was added to the cell pellet. Cells were suspended and fixed overnight. After centrifuging the fixed cells, the pellet was suspended in PBS(Ϫ). The cells were then stained with a 0.1 mM solution of Hoechst 33342 (Sigma, St. Louis, MO, U.S.A.). The chromatin structures of the cells were observed under the U-region (wavelength of 461 nm) using a fluorescent microscope (Leica DMLB, Leica Microsystems Inc.).
Isolation of 7,8-seco-para-Ferruginone Nests of Vespa simillima were collected in a suburban area of Morioka and stored at Ϫ20°C. The external envelope (one of the nest constituents covered with the inside combs) was ground in a mill (Wonder Blender WB-1, Osaka Chemical Co., Ltd.) and dried. The powdered nest material (470 g) was subjected to static extraction with n-hexane (4.0 l) for 24 h at room temperature. The mixture was then filtered. The residue was sub- January 22, 2008 jected to static extraction with n-hexane (2.5 l) in the same manner. The n-hexane extracts were combined and evaporated to dryness under reduced pressure to give a crude residue (5.43 g). The residue (1.01 g) was fractionated by silica gel column chromatography (35.0 g of silica gel, Wakogel C-300, Wako Pure Chemical Industries, Ltd.) using 400 ml of n-hexane, n-hexane/dichloromethane (3 : 1 v/v), dichloromethane, dichloromethane/ethyl acetate (3 : 1 v/v), dichloromethane/ethyl acetate (1 : 1 v/v), dichloromethane/ethyl acetate (1 : 3 v/v), ethyl acetate, and methanol to give eight fractions. The fractions were evaporated to dryness under reduced pressure. The residues were subjected to the bioassay (growth-inhibitory effects of the rat liver cancer cells), respectively. The biologically active dichloromethane fraction (478.0 mg) was subjected to normal phase HPLC [Column TSK-GEL Silica 150 column (21.5 C-NMR data is listed as follows. Selected HMBC is summarized in Fig. 3B .
FT H-NMR) was obtained from the bark of Cryptomeria japonica (Japanese cypress) according to the typical procedure for isolation of this class of terpenoids.
16) Oxidation reaction of ferruginol was carried out using an established procedure. 15) To a mixture of Fermy's salt (53.8 mg), KH 2 PO 4 (161 mg) and water (4.4 ml) was added a solution of ferruginol (20 mg) in acetone (2.8 ml). The flask was kept in the dark, by covering the flask with aluminum foil, and stirred at room temperature for 18 h. The mixture was extracted with Et 2 O (20 ml ϫ2). The combined organic layers were washed with H 2 O and brine, then dried over anhydrous MgSO 4 , and filtered. The filtrate was concentrated under reduced pressure. The residue was purified by flash column chromatography [Daisogel IR-60 1002W (40/63 mm)] to give the titled compound (9.5 mg) as a white powder. The analytical data ( 1 H-NMR, CDCl 3 , 600 MHz) of the synthetic sample was identical to authentic data and those of the natural product obtained by this study.
15)

RESULTS
The n-hexane extract exhibited a potent inhibitory effect on rat liver cancer cells (Fig. 2A) . Further purification by HPLC gave the biologically active fraction (5 mg, 0.5% yield from the crude extract, 5 mg/ml, 33% inhibitory effects) as a white powder (Fig. 1) . The element composition was determined by HR-EI-MS, which indicated the molecular formula as C 20 H 28 O 3 . FT-IR analysis of this molecule showed the characteristic absorption of carbonyl groups at 1716 and 1642 cm Ϫ1 (broad), indicating the presence of an isolated carbonyl group and conjugated carbonyl group(s). (Fig. 3B) . Interpretation of these results suggests the structure of the biologically active molecule to be 7,8-secopara-ferruginone (SPF), identical with the authenticated data reported by Chen et al. (Fig. 3A) . 15) To confirm the structure of the natural product, the authentic sample was synthesized by oxidation of ferruginol with Fremy's salt (Fig. 3C) . The analytical data of the synthetic authentic sample was identical to that of the natural product. The IC 50 value of the synthetic sample against dRLh84 cells was 1.9 mM (Fig. 2B) . To gain insight into the mechanism of its inhibitory effects, morphological analyses of dRLh84 cells using the synthetic compound were carried out. Chromatin coagulation was induced by the synthetic compound (31.6 mM) (Fig. 4) .
DISCUSSION
Yellow hornets [V. simillima (Vespinae)] are widely distributed in Japan. This species makes its nest in hollows and underground cavities in the wild or under eaves and floors in man-made environments. The nest consists of a pedicel, a comb of hexagonal cells (internal structure), and an envelope (external wall) that covers the combs. [17] [18] [19] Yellow hornets collect weathered or decayed wood as the nest material and eject water from their crops onto the fiber surface to wet and soften it. They scrape the loose fibers from the surface with their mandibles to form a wet fiber ball that is held together by their proteinaceous glandular materials. Yellow hornets have been observed to visit various growing trees and logs of oak, Japanese cedar, pine, Japanese cypress, peach, and white cedar.
18) It is assumed that the biologically active molecules in the nest originate in these woods and in the proteinaceous glandular materials of the wasps. In this study, we studied the external envelope of the nest to avoid any contamination by the products or excrement of the adult and larval wasps. Investigations of biologically active molecules in the envelope of wasp nests are few. Leclercq J. and co-workers investigated the nest of Vespula germanica and found noradrenalin and its derivatives. 20) The origin of noradrenalin was speculated to be from the saliva of the wasp.
In this study, we found a quinone, 7,8-seco-para-ferruginone (SPF), classified as a seco-abietane terpenoid, from the nest of V. simillima [0.5% yield from the hexane extract of the nest, Fig. 3A] . This is the first report of the isolation and structural determination of an anticancer molecule in the external envelope of a social wasp. SPF was isolated for the first time from the root of Salvia prionitis by Chen et al. 15) as an antimicrobial molecule against Staphylococcus aureus and Micrococcus luteus. We have also isolated SPF from the bark of Japanese cedar as a minor terpenoid constituent (0.01% in the crude hexane extract of the bark) and found it to possess antifungal activity against Alternaria alternata. 21) Matsuura reported that V. simillima collects wood fibers of oak, cedar, pine, and Japanese cypress as building materials for the nest. 18) In these woods, a variety of biologically active abietane-type and two pimarane-type diterpenoids have been isolated. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] These reports are indicative that yellow hornets utilize these woods not only for building material for the nest but also as a chemical tool to protect the nest from microorganisms.
A growing number of anticancer quinones with abietane terpenoid frameworks are being isolated. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] However, these molecular mechanisms have not been well examined. Ross reported that an anticancer quinone classified as an abietane terpenoid exhibited apoptosis, based on morphological changes in the cancer cells. 32) To test this possibility, we observed and assessed chromatin coagulation by synthetic SPF. The results suggested that the cytotoxicity of SPF may arise from apoptosis, though other possibilities have not been ruled out. For instance, oxidative stress may be involved as one interpretation of the morphological changes, based on the fact that many quinones generate reactive oxygen species such as oxidative radicals, hydrogen peroxide, and superoxides by redox cycling involving quinones, NADH, and oxygen under aerobic conditions in the cells. 33) In summary, we isolated SPF, which is cytotoxic to rat liver cancer cells, from yellow hornet nests. To our knowledge, this is the first example of the isolation and structural determination of an anticancer quinone molecule from the nest of a social wasp. SPF has interesting structural features: for example, the aldehyde group may be a potent functional group for further derivatization. We found SPF to be more abundant in nest extracts than in the hexane extract of the bark of C. japonica. This result indicates that V. simillima may preferentially collect C. japonica as a source material or transform ferruginol into SPF by aerobic or enzymatic oxidation with proteinaceous glandular products. SPF is also obtainable by oxidative conversion of ferruginol obtained from the bark of Japanese cedar, which is easily available as biomass. Further examinations of the potential exploitation of biomass to provide SPF as well as derivatization of SPF for structure-activity relationship studies are in progress.
